Controlling rumen disorders is critical to ensure successful dairy herd health management. Lactation diets of dairy cows are commonly rich in concentrates and low in physically effective fibre. Feeding of these diets increases the risk of rumen disorders with far-reaching consequences for cattle health, welfare and sustainability of dairy production. The term subacute ruminal acidosis or SARA is often used as a synonym for poor rumen health. Being subclinical, SARA lacks of clear symptoms and is therefore difficult to diagnose and to control in the practice. This review article summarises common and identifies new direct and indirect cow signals related to SARA. We have performed a scientific evaluation and interpretation of each of these cow signals by highlighting their advantages and disadvantages from the practitioner's point of view.
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HUMER Et al. . Although there is not yet a consensus on the definition of SARA, it is generally agreed that SARA occurs when the ruminal pH is lower than 5.5-5.8 for several hours a day (Plaizier, Krause, Gozho, & McBride, 2008; Zebeli & Metzler-Zebeli, 2012) , suggesting that duration below a certain pH threshold is more important than a low pH value as single event anytime during the day.
The prevalence of SARA in dairy herds has been reported to range between 11% and 26% (Garrett, Nordlund, Goodger, & Oetzel, 1997; Kleen, Hooijer, Rehage, & Noordhuizen, 2009; Kleen, Upgang, & Rehage, 2013; Plaizier et al., 2008) , although due to difficulties in diagnosing, the prevalence of SARA might be even higher, especially in cows during early lactation.
Development of SARA and its consequences for animal health and welfare as well as farm economy have been reviewed by many authors during the last decades (Garrett et al., 1997; Kleen et al., 2009 Kleen et al., , 2013 Oetzel et al., 1999; Plaizier et al., 2008 Plaizier et al., , 2012 . However, systematic reviews on the diagnosis of SARA and interpretation of the cow signals related to this disorder, especially from the practitioner's point of view, are rather scarce (Fürll, 2014; Oetzel, 2017) .
The diagnosis of SARA is difficult under farm conditions as clinical signs are commonly subtle and delayed. The clinical findings that may direct the veterinarian's attention to the possible occurrence of SARA have recently been summarised by Oetzel (2017) and include, for example, a poor body condition score, frequent cases of infections and a high incidence of lameness. However, standard diagnostic veterinary tests, including heart rate, rectal temperature, respiration rate, blood chemistry and haematology variables, are generally not or not specifically altered by SARA . A more specific finding indicative of SARA is liver abscesses at slaughter that may reach prevalences of >30% in cull cows (Rezac et al., 2014) . If these abscesses are reported back to the farm, they may provide valuable hints that SARA occurs. In many cases, however, this information is lost.
Because clinical findings are not ultimately linked to SARA and because many measurements carried out under research conditions are impossible to perform on the farm, the field diagnosis of SARA is primarily based on the monitoring of paraclinical parameters (Plaizier et al., 2008) . Of these, the measurement of the ruminal pH is currently considered as the most accurate as it provides direct information about the conditions within the rumen (Enemark, 2008) . Continuous pH measurements have been implemented to enable a more reliable diagnostic tool in order to detect longer lasting pH declines indicative of SARA; however, this requires costly equipment, therefore, being primarily suited for research purposes. The field diagnosis currently relies mainly on single-point ruminal pH measurements, which are neither sensitive nor accurate enough. As a result, many cases of SARA remain undetected (Danscher et al., 2015) . Therefore, indirect methods for an inexpensive and easily accessible detection of SARA are needed.
Besides the observation of chewing and feeding activities, various analyses of milk, faeces, urine and blood have been considered and evaluated to serve as cow signals of SARA.
The purpose of this review was to provide an overview of the cow signals related to SARA and to review currently available as well as potentially new methods for identifying cows at risk of SARA in a dairy herd, enabling initiation of relevant preventive feeding strategies. In a recent review article, we have provided practical feeding recommendations that help in mitigation of SARA in dairy farms . Eventually, evaluating the potential and latent limitations of cow signals will lead to practical recommendations regarding their onfarm applicability for dairy practitioners and nutritionists.
| INTERPRETATION OF RUMINAL PH
The pH is a direct homoeostatic result of the acid-base balance regulation efforts of the rumen and the host (Allen, 1997; Aschenbach et al., 2011) . At the same time, ruminal pH is also a crucial parameter for ensuring normal functioning of the rumen and its microbiome.
Therefore, it is considered as the closest and most accurate indicator of rumen health or disorders such as SARA, as it provides direct information about the conditions within the rumen (Enemark, 2008) .
Rumenocentesis has been recommended for obtaining samples as this technique allows direct collection of ruminal fluid from the caudal ruminal sac using a needle, which is inserted through the abdominal and ruminal walls (Kleen, Hooijer, Rehage, & Noordhuizen, 2004) . For this technique, the most useful cut-off point to differentiate cows with SARA and healthy animals has been defined as pH 5.5 (Garrett, 1996) . Although rumenocentesis seems to be generally well accepted by cows, haematomas and abscess formation might occur in approximately 5.5% of the sampled cows (Kleen et al., 2004) . In individual cases, even more severe consequences such as adhesions of the peritoneum and peritonitis may occur (Hollberg, 1984; Strabel, Ewy, Kaufmann, Steiner, & Kirchhofer, 2007) . Due to animal welfare concerns, rumenocentesis has not been established as routine monitoring tool of SARA. Furthermore, it should also be noted that ruminal pH varies considerably among days and time point during a day for a single cow (Penner, Beauchemin, & Mutsvangwa, 2007) . Thus, factors that affect ruminal pH, such as variation in dry matter intake (DMI) or altered meal patterns, may also lower the likelihood of appropriate detection using rumenocentesis. This may partially explain the discrepancy between risk for ruminal acidosis when comparing data derived from continuous pH measurements (Penner & Oba, 2009; Penner et al., 2007) and rumenocentesis in early lactation.
A less invasive technique is the collection of ruminal fluid via stomach tubing. However, this technique has been questioned, as variation in the intraruminal location of the stomach tube likely leads to variations of pH in the sample as well as the contamination with saliva leads to higher pH readings (Duffield et al., 2004; Enemark, Jørgensen, & Kristensen, 2004) . The mean difference in the pH between stomach tubing and rumenocentesis has been reported to range from 0.28 to almost 1.1 Nordlund, Garrett, & Oetzel, 1995) . Furthermore, there is a very weak relationship (r 2 = .11) between the sampling techniques, thereby making it impossible to assess reliable conversion factors for comparing both sampling sites (Enemark et al., 2004) .
For the practical application of pH measurement, an appropriate sample size of cows within a herd also needs to be considered. Based on previous research, it can be suggested that, in a herd in which SARA is suspected, screening of a defined risk group, for example the early lactational group (being fed approximately 3 weeks on the lactational diet) and mid-lactational group (between 45 and 150 days in milk
[DIM]), would provide the most accurate assessment (Kleen, Hooijer, Rehage, & Noordhuizen, 2003) . Calculations regarding a critical value of at least n cows with a pH below the SARA threshold in a subsample of N cows randomly chosen from a herd or group, revealed that when at least three of 12 sampled cows are found to have a ruminal pH ≤ 5.5, the SARA prevalence can be considered as high in the respective herd (Garrett, 1996; Nordlund et al., 1995) . This minimum sample size has been reported to give a reasonable confidence (≥75%)
that the results from the sampled animals correctly represent the true classification for the entire group (Oetzel, 2004) . Therefore, a suitable sample size to deliver reliable results, at justifiable expense, has been recommended to be 12. This appropriate size can be mostly explained with the fact of the interindividual variation of the ruminal pH of cows fed the same diet (Garrett, 1996; Nordlund et al., 1995) . When the results of the proportional outcome are close to the alarm level (e.g., two of 12 cows with ruminal pH ≤ 5.5), sampling of additional cows is suggested. According to statistical evaluation of the testing strategy, the same size yields almost the same information about the group even when group size is large (Oetzel, 2004) .
To obtain representative samples, choosing the right sampling time point is also of utmost importance. However, the ideal time point strongly depends on feeding management. As the aim is to collect samples at the time when the ruminal pH has dropped to its nadir value, a sampling time 5-8 hr after offering fresh feed can be recommended in TMR-fed herds, while a sampling within 2-4 hr after provision of a concentrate meal is advised for herds fed diet components separately (Garrett, 1996; Nordlund & Garrett, 1994) . Figure 1 depicts the diurnal reticular pH dynamics measured continuously with wireless pH boli in dairy cows fed either a TMR or forage and concentrates separately.
While the decline in reticular pH was most pronounced 2-4 hr after offering the concentrate portion separately, it took approximately 7 hr for cows fed a TMR, until the pH nadir was reached.
F I G U R E 1 Diurnal variation of reticular pH in lactating cows fed either a total mixed ration (a) or forage and concentrates separately (b). Data derived from the study of I. Kröger, E. Humer, V. Neubauer, N. Reisinger, and Q. Zebeli (unpublished data) and . Arrows indicate time of fresh TMR or concentrate provision respectively. The solid line indicates the subacute ruminal acidosis threshold when using a wireless reticular pH sensor Certainly, the most accurate method to diagnose SARA is the continuous measurement of the ruminal pH (Enemark, 2008) . The accepted guideline when using permanent systems is that the risk of SARA increases when ruminal pH drops below 5.6 for more than 3 hr/ day (Plaizier et al., 2008) , or below 5.8 for more than 5-6 hr/day (Zebeli et al., 2008) . analysis, a pH of 6.0 has been recommended as a suitable SARA threshold when using a wireless reticular pH sensor. Nevertheless, despite the advantages of using wireless sensors, the high costs, the limited lifespan with partly significant sensor drift and the impossibility for accurate calibrations presently preclude its application as routine diagnostic tool on farm. Thus, we still lack accurate and non-invasive methods of monitoring and diagnosing SARA in dairy cows.
| INTERPRETATION OF RUMINAL TEMPERATURE
Besides ruminal pH, wireless bolus sensors commonly enable a simultaneous monitoring of the ruminal temperature. In this regard, the potential of ruminal temperature to predict low ruminal pH to serve as diagnostic tool for SARA has been investigated (AlZahal, Kebreab, France, Froetschl, & McBride, 2008; Neubauer, Stauder, Humer, Kröger, & Zebeli, 2017) . The rationale behind using ruminal temperature as an indicator of SARA is that, during intensive fermentation phases, significant amounts of heat are produced in parallel to SCFA accumulation and pH drop. On the other hand, ruminal temperature is tightly related to overall body temperature, too .
Studies conducted by AlZahal et al. (2008) found a negative correlation between ruminal temperature and pH and concluded that a ruminal temperature between 39 and 41°C is critical for the diagnosis of SARA. However, other studies using sensors located in the reticulum found no correlation between the ruminal pH and temperature (Bodas et al., 2014; Humer, Ghareeb et al., 2015) . We recently measured reticular pH as well as reticular and rectal temperature in dairy cows exposed to an intermittent SARA challenge. The obtained results
showed no correlation between the pH value of the reticulum and the temperature of the reticulum or rectum, with no differences in the reticular temperature between control and SARA phases (Neubauer, Stauder et al., 2017) . Thus, temperature monitoring does not seem to be an effective diagnostic tool to recognise SARA in the field, likely because the reticular temperature is also affected by water intake and increased drinking frequency might mask the heat increment related to increased fermentation.
| INTERPRETATION OF DECREASED FEED INTAKE, ALTERED CHEWING BEHAVIOUR AND RUMINAL MOTILITY
A decrease in DMI has often been cited as an indicator of SARA (Brown et al., 2000; Olsson, Bergsten, & Wiktorsson, 1998) . The underlying mechanisms have been reported as lower ruminal motility due to the high production of SCFA, released bacterial endotoxins (Kleen et al., 2003; Slyter, 1976) or an increased osmolarity of the ruminal content (Carter & Grovum, 1990) . While reduced DMI is often associated with SARA, it should be noted that low DMI followed by a rapid increase in DMI is also a predisposing factor for SARA Zhang, Albornoz, Aschenbach, Barreda, & Penner, 2013) .
In cows affected by SARA, a fluctuating feeding pattern has been described as the most consistent symptom. These cows typically refuse feed intake after eating their initial meal due to a dramatic decline in ruminal pH. Appetite is usually regained as soon as ruminal pH returns to physiological values (Enemark, 2008; Fulton, Klopfensetein, & Britton, 1979) . Nonetheless, such information is difficult to obtain in free-stall systems, as changes in the feeding behaviour will be difficult to notice.
During mid-lactation, variable feed intake may be indicated by the observation of variable milk production; however, during early lactation, this will likely go unnoticed, because of mobilisation of body reserves.
Because chewing is closely related to the intake of physically effective fibre, monitoring of chewing activity has also been seen as a more practicable method to identify high-risk cows at an early stage as well as to evaluate structural fibre adequateness of diets. In this regard, several electronic devices have been proposed to replace time-consuming visual observations in order to measure the feeding behaviour in dairy cows in a more accurate and scientific basis (AmbrizVilchis, Jessop, Fawcett, Shaw, & Macrae, 2015; Büchel & Sundrum, 2014; Kröger et al., 2016) . The general recommendation is that 40% of all cows in a herd should ruminate at any time (Maekawa, Beauchemin, & Christensen, 2002) . According to Sudweeks, Ely, Mertens, and Sisk (1981) , a value equal to or greater than 31 min of total chewing per kg of DMI is sufficient to limit the risk of digestive disorders, whereas Mertens (1997) refers to a value of 36 min per kg of DMI. However, this is difficult to determine under on-farm conditions as commonly no exact data about the DMI and chewing time per kg of DMI are available. Furthermore, a recent study has shown that both values can be exceeded although cows experienced SARA conditions (Kröger et al., 2016) . Alternatively, studies have reported lower values (<32 chewing min/kg of DMI) in dairy cows with expectedly healthy rumen fed only 40% concentrates (Tafaj, Maulbetsch, Zebeli, Steingass, & Drochner, 2005) . This indicates that factors are needed for calibration of chewing activity under different feeding conditions. This also applies when considering the chews per bolus (instead of chewing time) as health indicator (Braun, Zürcher, & Hässig, 2015) . Indeed, measurements of chewing parameters such as chews per bolus are much easier under farm conditions to do, because there is no need to measure DMI of individual cows. Healthy cows are assumed to chew at least 50 times per bolus (Drochner, 2008) . Indeed, studies have reported a decreased number of regurgitated boli as well as ruminating chews per bolus, with increasing concentrate levels (da Cruz et al., 2012; Tafaj et al., 2005) . However, several authors observed ≥50 chews per bolus in cows fed diets containing 60%-70% concentrates (Beauchemin & Rode, 1997; Kröger et al., 2016; Tafaj et al., 2005) . Interestingly, we recently observed an even higher number of chews per bolus in SARAsusceptible cows compared to tolerant cows without SARA (66 vs. 50; Figure 2 , Khiaosa-ard, Pourazad, fed the same diet, which might be due to temporal regulatory mechanisms to counteract the decline in ruminal pH. When looking at other chewing parameters, the SARA-susceptible cows, however, had less ruminating boli per hour (as an average of the day) and slightly lower eating chews (Figure 2) . Thus, only taking the chews per bolus into consideration as indicator of SARA, which is often done in practice, might lead to misinterpretation. Therefore, measurements of chewing behaviour for longer time periods, at best using chewing measurement instruments, are needed to identify cows at risk of SARA. However, more research is needed to derive more accurate chewing thresholds of SARA to be used under practical conditions.
It has also been suggested that dairy cows after experiencing SARA alter their diet sorting behaviour in terms of consuming more forage to attenuate their rumen fermentation disorder (Keunen et al., 2002) . There is also evidence that the severity of SARA influences the extent by which cows sort in favour of long forage particles (De Vries, Dohme, & Beauchemin, 2008) . Thus, obvious changes in the feed sorting pattern might also be indicative of rumen fermentation disorders.
Moreover, cows seem to change their diurnal rumination pattern towards reduced rumination during the day, while they increase rumination during the night when excessive amounts of concentrates are fed Tafaj et al., 2005) . As demonstrated in Figure 3 , rumination during pure roughage feeding was only interrupted when fresh feed was offered in the morning and afternoon, while a peak of rumination was observed between 0000 and 0500 h when cows were on a high-concentrate diet. These shifts in ruminating activity also have to be taken into account when considering ruminating activity for assessing fibre adequacy and SARA risk.
Very recently, wireless forestomach motility sensors were suggested to provide a robust, practical and long-lasting tool for rumen F I G U R E 2 Chewing parameters in cows without (tolerant cows, n = 6) or with subacute ruminal acidosis (susceptible cows, n = 6) fed the same diet (derived from the study of Khiaosa-ard et al., 2017) . The cows were divided into susceptible and tolerant cows according to their reticular pH profiles (area of ruminal pH suppression below 6.0). Data were analysed by ANOVA and are presented as least square means, and error bars indicate the SEM. Asterisk indicates differences (**p ≤ .01 and *p < .10)
F I G U R E 3 Diurnal ruminating activity in dairy cows fed either a pure roughage diet or 65% concentrates recorded in dairy cows for 24-hr intervals (adapted from the study by Kröger et al., 2017) health monitoring (Nogami, Arai, Okada, Zhan, & Itoh, 2017 (Nogami et al., 2017) . However, future experimental and field validations are needed to fully assess the accuracy, applicability and potential of these new sensors.
| INTERPRETATION OF MILK CONSTITUENTS
Studies have shown that SARA can negatively impact on various milk production parameters, especially milk fat content (Danscher et al., 2015; Li et al., 2012; Steele et al., 2011 ). This is a major concern, as the decrease in milk fat content lowers the milk energy efficiency despite the enhanced milk yield obtained by feeding high-grain diets (Zebeli & Ametaj, 2009 ). Based on the milk fat-depressing action of low ruminal pH, milk fat concentration and the ratio between milk fat and milk protein concentration are commonly used as indicators of SARA and fibre deficiency at the farm level. However, the interpretation of low milk fat is quite difficult, as the normal milk fat percentage depends largely on breed, DIM and season (Palladino et al., 2010; Palmquist, Beaulieu, & Barbano, 1993) , all of which have to be taken into account when using the milk fat content as a possible diagnostic tool for the identification of SARA. As a general definition, low milk fat syndrome occurs when the herd average milk fat concentration is below 3.2% in Holstein, Simmental, Ayrshire and Shorthorn cows, 3.4% in Brown Swiss herds, 4.0% in Guernsey herds and 4.2% in Jersey herds (Oetzel, 2007) . Furthermore, milk fat content is typically highest during the first weeks after parturition when cows mobilise body fat and lowest when the highest milk yield occurs (between 50 and 70 DIM) (Oetzel, 2007) . Further, herd means may obscure outlier cows with very low or high milk fat contents. Therefore, it is important to look at the individual animal's milk fat content, as cows with low milk fat content usually remain undetected in bulk tank testing (Garrett, 1996; Nocek, 1997) . However, it is also important to note that diurnal differences F I G U R E 4 (a) Association between the forage level (%) and the milk fat-to-protein ratio; (b) association between the intake of ruminally degradable starch (RDSI, kg/day) and the milk fat-to-protein ratio; (c) association between the intake of NDF (kg/day) and the milk fat-to-protein ratio; (d) association between the intake of starch (kg/day) and the milk fat-to-protein ratio; data obtained from a meta-analysis including 225 treatment means in 64 published studies ( Fat to protein ratio
RDS intake (kg/day)
Fat-to-protein ratio = 0.733 + 0.008 × Forage level R 2 = 0.29, p < .001
Fat-to-protein ratio = 1.314 -0.077 × RDSI R 2 = 0.35, p < .001
Fat-to-protein ratio = 1.194 -0.012 × NDF intake R 2 = 0.01, p = 0.08 -0.024 × Starch intake R 2 = 0.07, p < .001
Fat-to-protein ratio = 1.234
in the milk fat content between morning and evening milking might be possible, especially, in cows with high sorting tendencies, and therefore, daily milk fat averages per cow will provide a more accurate value. Furthermore, it might be useful to interpret milk fat content as a proportion of cows with very low (<2.5% for Holstein cows) test results; whereby, these cows should not represent more than approximately 10% of the herd (Oetzel, 2007) .
In addition, it is important to keep in mind that also other causes of low milk fat concentration exist such as the feeding of excessive amounts of plant lipids rich in polyunsaturated fatty acids (linoleic acid in particular) and usually in the form of supplemental oils (Rico, Holloway, & Harvatine, 2014) . It is important to consider that polyunsaturated fatty acids do not have detrimental health effects themselves, and some of them are even supplemented to support metabolic health (Pires & Grummer, 2008) . Thus, a herd might have low milk fat content without SARA or related health problems (Oetzel, 2007) .
Furthermore, although there is a certain association between SARA and low milk fat content, the question remains if low milk fat content can be viewed as sign of SARA, as both can occur independently in situations where diets high in concentrates and low in peNDF are fed.
Thus, low milk fat content alone cannot be interpreted as an ultimate indicator of SARA itself (Kleen et al., 2003) . This is supported by previous studies, in which only low correlations (0.31 and 0.39 respectively) have been found between the ruminal pH and milk fat content in cows over 30 DIM (Allen, 1997; Enemark et al., 2004) . This incompatibility is even further accentuated in early lactating cows where a negligible correlation (r = −.06) has been determined in cows below 30 DIM (Enemark et al., 2004) . Overall, the best use of milk fat as a tool in the assessment of SARA is to perform frequent analysis of milk fat content on individual animals after early lactation, using the herd as a benchmark. Modern milking robots often assess milk fat concentration at each milking and thus allow dynamic monitoring of changes.
Besides milk fat percentage, a common method to evaluate low milk fat content is milk fat-to-protein ratio which could be correlated to SARA. In general, an inverse (i.e., <1.0) fat-to-protein ratio is observed in cows experiencing SARA (Danscher et al., 2015; Li et al., 2012; Nasrollahi et al., 2017) . Figure 4 depicts the relationship of the forage to concentrate ratio in the diet, the intake of ruminally degradable starch from grains (RDS), the NDF intake and the total starch intake with the fat-to-protein ratio in the milk of cows obtained from a meta-analysis including 225 treatment means in 64 published studies (Zebeli et al., 2008) . All studies were conducted with high-yielding Holstein cows fed TMR in Latin square or double-reversal designs, and data presented as means within different treatments were used in the meta-analysis. Cows showing an inverse ratio are believed to have an inadequate fibre intake, whereas cows showing a ratio higher than 1.5 are believed to be at risk for developing ketosis due to excessive fat mobilisation. This analysis indicates that the fat-to-protein ratio is positively correlated to the forage to concentrate ratio (r = .54; p < .001), although there is a large variation even within the diets with >50% forage (Figure 4a ). An improved correlation (r = −.59) has been obtained when the fat-to-protein ratio was related to the intake of RDS, according to the following equation: fat-to-protein ratio = 1.314 (±0.021) − 0.0767 (±0.0071) × RDSI (Figure 4b, p < .001) . Accordingly, an intake higher than 2.5 kg/day RDS seems to increase the risk of depression of fatto-protein ratio below the common risk threshold used as indicative of SARA. The fact that even very high intakes of RDS (i.e., >5 kg/day or approximately 25% RDS in the diet) or low forage intake (<35%) still enables milk fat-to-protein ratio of >1, indicates that this variable alone is not sensitive enough to detect fibre deficiency or SARA. Interestingly, only negligible correlations have been found between the fat-toprotein ratio and the intake of NDF (r = −.12, Figure 4c ) as well as total starch (r = −.27, Figure 4d) . Thus, the source of NDF and starch (forage vs. grain), the ruminal degradability of starch, as well as the physical characteristics of the diet (i.e., the particle length), all have to be taken into account when evaluating the potential to cause milk fat reduction.
Two recent studies suggested that low milk urea nitrogen (MUN) content may be used alone or in combination with low milk fat concentration to predict the risk of individual cows for SARA (Gao & Oba, 2014 . They assumed that this may be explained by either higher ruminal N fixation in SARA cows due to higher fermentation activity (Nocek & Russell, 1988) or by higher urea fluxes into the rumen at low ruminal pH (Abdoun, Stumpff, Rabbani, & Martens, 2010; Lu et al., 2014) , which resulted in lesser excretion via milk and urine.
Alternatively, lower MUN is also indicative of the lack of rumen digestible protein (RDP) in the diet or higher protein efficiency (Gustafsson & Palmquist, 1993; Kohn, Kalscheur, & Russek-Cohen, 2002 ). Lack of RDP may in turn affect microbial growth and likely the fixation of carbons into microbial cells. This may lead to decreased load of free protons in the ruminal fluid, whereas higher protein efficiency may, for the purpose of SARA assessment, be taken as a reciprocal indicator for high milk protein percentage during SARA. As MUN per se was also not reliably predicting SARA risk among different experiments (Gao & Oba, 2015) , future studies will have to evaluate whether combined consideration of milk fat-to-protein ratio and milk urea as well as the supply in RDP and ruminally fermentable organic matter in the diet will lead to more robust identification of SARA cows.
| ALTERATIONS IN FAECES AND DIARRHOEA
The SARA has been well described as affecting the consistency and particle size of faeces; however, those alterations are usually transient. SARA has been reported to result in bright yellowish faeces and a sweet-sour smell (Kleen et al., 2003) . Furthermore, faeces may appear foamy with gas bubbles and whole cereal grains as well as higher amounts of undigested fibre might be present (Hall, 2002; Nordlund et al., 1995) . SARA might also cause intermittent diarrhoea (Nordlund et al., 1995) . The size of faecal particles may be enlarged, being around 1-2 cm instead of the more normal size of less than 0.5 cm (Hall, 2002) . While the pH of the faeces is commonly not related to ruminal pH (Enemark et al., 2004) , a higher amount of starch bypassing the rumen during SARA can lead to slightly acidic faecal pH due to increased fermentation in the large intestines (Eastridge, 2000) . Indeed, we recently observed a concomitant decrease in faecal pH (from 7.8 ± 0.04 to 7.4 ± 0.04; p < .001) when the reticular pH decreased (from 6.4 ± 0.04 to 6.1 ± 0.03; p < .001) in dairy cows fed 40 or 60% concentrate levels. Interestingly, faecal pH was correlated to the period of time that reticular pH was below the SARA threshold (I.
Kröger, E. Humer, V. Neubauer, N. Reisinger, Q. Zebeli, unpublished data), but more data are needed to establish a relationship between SARA threshold and faecal pH. Such thresholds of faecal pH and particle size of faeces could be two valuable and practical instruments which can aid in the detection of SARA, as they can be monitored routinely and easily on farm.
| URINARY PARAMETERS
Research has also been conducted on the potential of urinary analytes to be used as indicators of SARA, namely urinary net acid-base excretion (NABE), urinary phosphorous excretion and urinary pH. It needs to be considered that all these values reflect changes in the metabolic acid-base load in the systemic circulation and not the actual changes of acid-base homoeostasis in the rumen. Furthermore, the main organ for base excretion in lactating dairy cows is not the kidney but the salivary gland. It has been estimated that the salivary glands of high-yielding dairy cows excrete approximately 35 mol/day of alkaline buffers out of the systemic circulation (Aschenbach et al., 2011) . Thus, the predictability of ruminal pH from urinary acid-base variables is expectedly very low (Enemark et al., 2004) . To account for this dilemma in diagnostics, threshold values are commonly set to optimise specificity on the expense of sensitivity. Using threshold values of <100 mmol/L for NABE and >5.7 mmol/L of inorganic phosphate in urine, a ruminal pH < 5.8 was predictable with acceptable sensitivities of 84% and 100% respectively. However, specificities were only 24%
and 10% respectively (Seemann & Spohr, 2010; Fürll, 2014) .
Urinary pH has been suggested to provide an easy-to-handle surrogate marker for urinary acid-base excretion (Constable, Gelfert, Fürll, Staufenbiel, & Stämpfli, 2009) In summary, it appears that cows which show a NABE of <83 mmol/L, an inorganic phosphate concentration of >5.7 mmol/L or a urinary pH <7.8 are likely to suffer from SARA (Fürll, 2014) ; however, normal values have limited to no diagnostic value based on a very low specificity of these measures. Secondly, DCAB of the diet must be considered as a major confounding factor when using the above thresholds, because low DCAB diets may profoundly acidify the urine independently of SARA (Gelfert et al., 2006; Melendez, Krueger, Benzaquen, & Risco, 2007; Tucker et al., 1992) . Thirdly, an animal going off feed will also drastically decrease urinary base excretion without having SARA (Fürll, 2014) . Thus, urinary variables of acid-base status have to be interpreted very cautiously, especially in farm settings where diets with different or varying DCAB are fed.
| BLOOD VARIABLES
A large body of evidence suggests that SARA can lead to an acute-phase response (APR), which is reflected as an increase in the concentrations of acute-phase proteins (APP), such as lipopolysaccharide-binding protein, serum amyloid A or haptoglobin in the blood (Gozho, Krause, & Plaizier, 2007; Khafipour, Krause, & Plaizier, 2009; Zebeli & Ametaj, 2009 ). The underlying mechanisms are an increased translocation of lipopolysaccharide, other immunogenic substances or pathogens from the rumen and hindgut during SARA conditions Zebeli & Metzler-Zebeli, 2012) . Another cause could also be local inflammation or damage to the ruminal epithelium, as commonly reported as a pathological finding in SARA (Kleen et al., 2003) . The activation of an APR during SARA does not usually affect other clinically detectable inflammatory signs, such as increased rectal temperature, plasma fibrinogen, white blood cell count and differentials (Gozho et al., 2007; Li et al., 2012 Rodríguez-Lecompte et al., 2014 and also total plasma proteins, globulins, fibrinogen and albumin concentrations typically remain within reference values of healthy cows (Rodríguez-Lecompte et al., 2014) . Acute-phase proteins could provide realisable biomarkers of SARA. However, the APR is a non-specific immune reaction that can be caused by multiple stimuli and many of them are not related to SARA. Therefore, more research is needed to suggest patterns and thresholds for APP as indicators of SARA.
Besides the analysis of APP, further variables, such as the blood pH, partial pressure of carbon dioxide (pCO 2 ), as well as the concentration of sodium (Na), potassium (K), chloride (Cl) and calcium (Ca), have been investigated for their potential to serves as indirect diagnostic markers. Overall, it has been reported that the blood pH can decline when the concentration of lactate in blood increases (Brown et al., 2000) . Therefore, a decreased blood pH mainly occurs during acute ruminal acidosis. In general, a pH of ≤7.35 in the blood is indicative of systemic acidosis (Owens, Secrist, Hill, & Gill, 1998) . Although studies found an increase in pCO 2 in dairy cows experiencing SARA, negligible effects on the blood pH were reported, which was in general well above the threshold being indicative of systemic acidosis (Gianesella et al., 2010; Li et al., 2012; Morgante et al., 2009) . Also the concentration of Na, K and Cl was altered in dairy cows experiencing SARA , indicating that SARA affects the acid-base balance of the blood; however, as these changes are commonly only intermittent and of minor magnitude, the homoeostasis of the systemic acid-base status is mostly sustained and therefore results in an unaffected blood pH.
Also, the analysis of blood Ca has been discussed for diagnosis of SARA, as the translocation of lipopolysaccharides (LPS) during SARA might cause a decrease in this mineral, due to its role in the detoxification of LPS (Eckel & Ametaj, 2016) . However, studies regarding the effect of SARA on the concentration of Ca are inconsistent. While some studies found a decrease in the Ca concentration (Danscher et al., 2015; Zebeli, Dunn, & Ametaj, 2010) , others found no effect .
| RUMINAL MUCOSA THICKNESS
In general, it is well known that the inclusion of high-concentrate diets causes an enlargement of ruminal papillae length and width (Černík et al., 2011; Zitnan et al., 2003) . Recently, it has been suggested that the ruminal mucosa thickness might serve as diagnostic tool for SARA, because the enlargement of the ruminal mucosa can be visualised via transabdominal ultrasound, an equipment which is part of the practical diagnostic tools of veterinarians (Mirmazhari-Anwar, Sharifi, Mirshahi, Mohri, & Grünberg, 2013; Neubauer, Humer, Kröger, Meissl et al., 2017) . A pilot study conducted by Mirmazhari-Anwar et al. (2013) revealed a negative correlation between the ruminal pH and the ruminal mucosa thickness in bulls fed increasing concentrate levels from 5 to 96%. The authors concluded that a threshold of 7.3 mm of the ruminal mucosa thickness indicates depressed ruminal pH (<5.5). In a study in dairy cows, we also found an increase in the ruminal mucosa thickness when being switched from a moderate-concentrate diet (40%) to a high-concentrate diet (60%). However, only low correlations have been found for the ruminal mucosa thickness and the reticular pH (r = .13) in that same study, which might be attributable to the large differences in the ruminal mucosa thickness among the cows at the beginning of the experiment. Interestingly, older cows (>3 lactations)
showed higher ruminal mucosa thickness as well as higher pH readings, compared to younger cows ( Figure 5 ). Thus, measurements of ruminal wall thickness via transabdominal ultrasound might provide a non-invasive method to aid in the diagnosis of SARA when taking the age of the individual cow into consideration. However, further research is warranted to validate this finding and to identify specific thresholds.
| CONCLUSIONS
Taken together, the monitoring of cows for signals of SARA is crucial to counteract this ruminal fermentation disorder throughout the lactation period. Although continuous ruminal pH measurements can provide reliable results in research settings, the significant drift of indwelling systems that cannot be recalibrated and the high costs for the sensors preclude their application for constant herd surveillances.
The most practical indirect markers for a decline in ruminal pH are the observation of chewing and feeding activities, as well as the monitoring of milk, faecal and blood variables. However, due to the limited specificity and precision of these indirect diagnostic measurements, they do not represent powerful diagnostic methods. Therefore, using more than one signal is strongly recommended to reliably identify the cows at risk of SARA and initiate preventive feeding management strategies. 
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